The division of languages into stress-syllable-and mora-timing is said to be supported by experiments showing that languages are discriminated only if they belong to different rhythm classes, a distinction said to be reflected in the duration and variability of consonantal and vocalic intervals (timing). The role of rhythm classes in discrimination is tested here along with the alternative that discrimination is due to speaking rate and F 0 differences and is independent of rhythm class. Five AAX experiments with English as context (AA) and Polish, Danish, Spanish, Greek or Korean as test (X) were conducted using the sasasa transform and modifying F 0 and speaking rate so as to compare responses to stimuli that retained the original speaking rate and F 0 of each language or were stripped of this information (speaking rate, F 0 or both) while retaining their timing. Discrimination was possible both across and within rhythm classes when speaking rates differed between context and test but largely impossible once speaking rate differences were eliminated; F 0 also played a significant if less consistent role in discrimination.
Introduction
A popular view of speech rhythm advocates that languages fall into distinct rhythm classes, stress-and syllable-timing (e.g. Abercrombie 1967), with mora-timing sometimes proposed as an additional category (e.g. Port, Dalby, and O'Dell 1987; Ramus, Nespor, and Mehler 1999) . This typology is intricately linked with the notion of timing, a cover term typically referring to all aspects of durational variation in speech (cf. Arvaniti 2009), but used within the context of rhythm classes with two specific meanings. In the original conception of the rhythm class typology timing referred to isochrony, the claim that one prosodic unit in each class-the stressfoot, the syllable and the mora in stress-, syllable-and mora-timed languages respectively-has stable duration and it is its repetition at regular intervals that creates rhythm (e.g. Abercrombie 1967). More recently, a different aspect of timing has been seen as the cornerstone of rhythm class distinctions, namely the relative variability of vocalic and consonantal interval durations.
Specifically, stress-timed languages are said to show greater variability in the duration of consonantal intervals because they allow for complex consonant clusters; in turn the presence of clusters reduces the percentage of speech taken up by vocalic intervals, while the presence of vowel reduction results in greater vocalic interval variability. Syllable-timed (and mora-timed) languages, on the other hand, are said to exhibit the opposite pattern, i.e. lesser variability of vocalic and consonantal interval duration and a greater proportion of speech made up of vocalic intervals ; Grabe and Low 2002). Despite their differences, both conceptualizations espouse the view that speech rhythm is based on the characteristics of specific temporal intervals, that is on some aspect of timing. As a result, speech rhythm research has focused on the measuring of durations in the acoustic signal and on the role of duration in perception, while the role of other components of prosody, such as F 0 , has been largely overlooked. The present study examines the view of rhythm as a typology reflected in the relative variability of consonantal and vocalic interval durations (henceforth referred to as timing) by means of five perception experiments that test the role of timing, speaking rate and F 0 in between-language discrimination.
Background and hypotheses
Despite the enduring popularity of the rhythm class typology, evidence from production studies remains inconsistent at best. Evidence for isochrony has not been found in any language tested (see Bertinetto 1989 All together the results of these studies show that values obtained using timing-based metrics cannot be seen as immutable properties of the languages involved but, rather, as points in wide distributions which overlap substantially across languages. In turn this substantial overlap strongly argues against the view that languages fall into rhythm classes with distinct timing characteristics (cf. Loukina et al. 2011 for similar conclusions).
The strongest evidence in favor of rhythm classes and the primacy of timing in determining rhythm class affiliation comes from perception research, particularly experiments that rely on discrimination. A series of such experiments show that discrimination between languages is possible if the languages involved belong to different rhythm classes (e.g. Nazzi, Bertoncini, and Rosen (1977) .
The interaction between duration and F 0 is also evident in the results of Arvaniti (2012b) from two experiments in which listeners were asked to rate English, German, Greek, Italian, Korean and Spanish for similarity to non-speech trochees. The ratings depended on the transform used:
when the stimuli were low-pass filtered (and thus retained some segmental as well as F 0 information) listeners rated English significantly less trochee-like than all the other languages;
when the same stimuli were converted to flat sasasa listeners rated English, German and Spanish significantly more trochee-like than Greek, Italian and Korean. The fact that responses differed depending on the type of signal transform used indicates that listeners cannot isolate timing information and react to it independently of the other prosodic components in the signal (or they would have responded similarly to the two experiments).
Results like those reviewed above have implications for the interpretation of discrimination experiments and the practice of using impoverished stimuli like flat sasasa in rhythm research. 
Methods
Five AAX experiments were run in which context (AA) was always English, and one of the other languages, Danish, Spanish, Greek, Korean or Polish, was the test language (X). Listeners heard two context stimuli followed by one test stimulus and had to decide whether the third stimulus belonged to the same language as the first two.
Participants
The sentences on which the stimuli were based were elicited from one male and one female talker of Danish, Greek, Polish, Spanish and Korean, and two male and two female English Neither talkers nor listeners reported any history of speech or hearing problems. Prior to taking part in the recording or experiment, participants signed institutional IRB forms and provided relevant demographic information.
Stimuli
For all languages except Greek and Korean the sentences on which the stimuli were based were descriptive statistics on speaking rate for the stimuli can be found in Table 1 (for full details see Appendix III; note that reported rates pertain to stimuli not the original sentences from which those were derived; for further details see below).
For English a much larger corpus was collected, since each experiment required five times as many English sentences (used for context and controls) as there were sentences of the test language. In addition, English sentences had to vary more in number of syllables in order to compensate for the fact that speaking rate manipulations (discussed in more detail below)
affected the overall duration of stimuli; indicative sentences of English are provided in Appendix II. The English sentences used for stimuli were selected by the same criteria employed for the other languages.
The original sentences were converted to sasasa using STRAIGHT in Matlab intervals largely correspond to syllable nuclei, it was anticipated that in these conditions the original speaking rates would remain generally unaltered. However, several sentences contained vowels in hiatus and as a result the speaking rates of the stimuli were in some cases different from those of the original sentences (for the speaking rates of the stimuli in the SR conditions see Table 1 ). SR-F 0 and SR-noF 0 stimuli differed in terms of F 0 ; in condition SR-F 0 , the stimuli retained their original F 0 modulation except that F 0 was adapted in range to that of the appropriate diphone talker so as to minimize perceptual discrepancies between formant frequencies and pitch range. In condition SR-noF 0 , F 0 was "flattened" to slightly declining F 0 that spanned the middle third of the appropriate diphone talker's range in the utterance from which their diphone was extracted; this range was 97-120 Hz for the male talker and 220-268 Hz for the female talker.
In conditions noSR-F 0 and noSR-noF 0 , the same F 0 manipulation was done as before: in noSR-F 0 , the stimuli retained their original F 0 modulation (adjusted as noted above), while in noSRnoF 0 , F 0 was "flattened". In addition speaking rate differences between context (English) and test language were eliminated. This was done by multiplying by a factor specific to each stimulus the durations of all its vocalic and consonantal intervals so as to convert the speaking rate of each stimulus to an average derived from the original speaking rate of English and the test language in each experiment. Note that in the two noSR conditions the changes in the duration of consonantal and vocalic intervals were proportional; consequently these changes affected only speaking rate, while the timing characteristics of the stimuli-that is the variability and relative duration of vocalic and consonantal intervals-remained stable. This means that if rhythm class affiliation as reflected in timing is responsible for discrimination, the elimination of speaking rate differences should not affect discrimination, since the characteristics of the consonantal and vocalic intervals are not affected by the changes in speaking rate (see e.g. Appendix III for %V, a metric argued by to predict discrimination, and VarcoC, which in combination with %V has been argued by White and Mattys 2007 to predict rhythm class affiliation in production; here only the role of %V is discussed in some detail since VarcoC showed few differences between languages and has not been connected to a testable hypothesis with respect to rhythm class perception). 2 One consequence of the elimination of speaking rate differences in the noSR conditions was that it was not possible to control the overall duration of stimuli as was done in previous experiments (e.g. Ramus et al. 2003) : the shrinking or stretching necessary to achieve the changes in speaking rate meant that the overall duration of the stimuli was unavoidably altered. In order to avoid discrimination due to differences in overall duration between English and test language two steps were taken. First, stimuli for each trial were selected so that they did not differ in overall duration by more than 300 ms, a durational difference expected to be perceptually irrelevant (Lehiste 1977). Second, overall durations varied across trials so that overall stimulus duration could not serve as a discrimination cue. In order to achieve both similarity of overall duration within trials and variability across while maintaining some stability across conditions two further steps were taken: first, the same sixteen stimuli of the test language were used in all conditions; second, the English context and control stimuli were allowed to vary in terms of number of syllables and overall duration, though the English stimuli used within each experiment overlapped substantially across conditions. Post-hoc statistical analysis showed that due to the manipulations involved in the preparation of stimuli and the changes in speaking rate, in some languages and conditions, differences in speaking rate between context and text were smaller than anticipated while differences in sentence duration or syllable count were sizeable (see Table   1 ); relevant measurements are presented in detail in Appendix III and discussed in section 4 in light on the results.
Each experiment was organized into four blocks of eight trials per condition, four test trials and four controls (i.e. all English). The order of the blocks and conditions was counterbalanced across participants. In each trial the two different context stimuli were selected so that both a female and a male talker were heard; talker gender order was counterbalanced across trials. Each trial was introduced by a 500 Hz tone of 200 ms duration; this was followed by 200 ms of silence, after which the listener would hear the first context sentence while seeing "sentence 1" on screen; after 1 s. of silence the second context sentence was heard while "sentence 2" appeared on screen; the procedure was repeated for the test sentence while "sentence 3" appeared on screen. The test sentence was followed by the on-screen prompt "Press Y if same Press N if different" and listeners had 3 s. to respond before the tone would begin the next trial. Each experiment lasted 15-20 minutes. limited and that they were expected to provide an answer even if they were uncertain.
Participants completed a practice session before the experiment. The practice session lasted for a single block of eight trials. Afterwards participants proceeded to the main task (i.e. they were not required to reach criterion). Before the main experiment begun they were encouraged to ask any remaining questions about the task. At the end of the experiment they were given a short questionnaire as an exit interview (questionnaires were not given to the participants in the Polish experiment who had an oral exit interview with the second author instead).
Measurements and statistical analysis
As in previous studies, the results showed conservative bias, i.e. reluctance on the part of the listeners to respond that stimuli were different (see Table 2 
Results

A' scores
As can be seen in Table 2 , A' scores pooled over conditions were significantly different from chance in the experiments involving Danish, Greek and Korean, a group that includes one stresstimed and two syllable-timed languages. Overall, three experimental conditions were discriminated significantly better than chance across languages, SR-F 0 , SR-noF 0 and noSR-noF 0 , supporting the idea that speaking rate is important for discrimination (though not the only contributor). When the data are examined separately for each language and experimental condition, at least some conditions in each experiment except that involving Spanish were discriminated better than chance.
The results of the ANOVA largely supported these findings, showing main effects of language conservative bias. Crucially, condition SR-F 0 , the condition that included both speaking rate and F 0 information showed the most liberal bias of all, suggesting that in this condition listeners felt more confident in their judgments and in hearing differences among stimuli. 
Discussion
The series of experiments presented here aimed at testing whether it is differences in rhythm class or other aspects of prosody, specifically speaking rate and F 0 , that drive discrimination in experiments using the sasasa transform. The results provide support for the latter hypothesis but also reveal that the answer is far from simple. First, the data showed that discrimination is not based on differences between rhythm classes; if that had been the case, then neither Danish nor Polish should have been discriminated from English, while Spanish should have had the highest discrimination scores. On the contrary, both
Danish and Polish were discriminated from English at least when both speaking rate and F 0 information were present, while Spanish was not discriminated in any condition. In addition,
Korean which is also classed as syllable-timed should have been consistently discriminated from
English but was not.
Unlike rhythm class, speaking rate did play a consistent role in discrimination. As noted, experimental conditions with original speaking rate showed overall better discrimination, faster reaction times and less conservative bias than conditions in which speaking rate differences were eliminated, overall suggesting that these were the conditions in which cross-linguistic differences were most easily and reliably perceived. This was most strongly demonstrated for Greek which showed the highest discrimination and had the biggest speaking rate difference as compared to English. Spanish, on the other hand, was not discriminated from English, a result that can plausibly be linked to the fact that its stimuli were of a speaking rate comparable to the English context stimuli.
F 0 also played a part, though its role was not entirely consistent across languages and experimental conditions. In Polish it aided discrimination in combination with speaking rate (which was significantly higher in Polish than English), while in Danish F 0 is the most plausible cause behind discrimination in the SR-F 0 condition, since differences in speaking rate between Danish and English were negligible. Discrimination on the basis of F 0 alone is evidenced in Greek as well in the noSR-F 0 condition. However, F 0 did not always enhance discrimination as originally hypothesized; rather the results suggest a complex interaction with durational characteristics including speaking rate. This conclusion is supported by the fact that across experiments the noSR-F 0 condition had low A' values and the longest RTs, indicating that the lack of speaking rate differences together with the effect that F 0 modulation had on perceived durations confused rather than helped listeners. This was most prominent in Korean which was discriminated from English only in the two conditions that did not include F 0 modulation (SRnoF 0 and noSR-noF 0 ). For SR-noF 0 at least, a plausible explanation is that the reliable but small differences in speaking rate between Korean stimuli and English were not sufficiently salient in the presence of F 0 modulation but came to the fore when F 0 modulation was eliminated.
The fact that discrimination in Korean was also possible in noSR-noF 0 indicates that timing differences beyond speaking rate also played a part in discrimination. Korean, as shown in Table   1 , had a significantly higher %V (percentage of speech made up of vocalic intervals) than English; this was most likely the outcome of the extensive final-lengthening that affected primarily utterance-final vowels in Korean. These long final vowels provided information to listeners that allowed them to discriminate Korean from English in the absence of other prosody components. Clearly, however, this feature was not as easily detectable when speaking rate and F 0 information were present or Korean would have been discriminated in all conditions.
Since %V is a measure of timing that is said to predict discrimination Ramus et al. 2003) , it is worth considering whether differences in %V were behind discrimination in the present experiments. This possibility seems unlikely for two reasons. First, the perceptual significance of %V is unclear as no experiments to our knowledge have reported just noticeable differences in %V (or any other rhythm metric). A liberal approach to this matter would be to assume that any statistically significant differences are perceptible and thus lead to discrimination, but the present results do not support this possibility in that %V differences were not consistentently related to discrimination. Danish stimuli had significantly higher %V than
English, yet discrimination was not possible in most conditions; similarly, %V differences did not lead to discrimination in the Spanish experiment or in the conditions with Similarly unlikely is the role of differences in syllable count and overall stimulus duration observed in some of the present experiments. Although some of these differences between contexts and stimuli were statistically significant, it is doubtful they were of a magnitude that would render them perceptually relevant; e.g. overall stimulus duration differences in Greek and
Korean were less than 15%, the typical JND for duration (Lehiste 1977) . The perceptual significance of syllable count, on the other hand, is unclear. Crucially, however, the relation between these durational characteristics of the stimuli and discrimination was as inconsistent as that of %V. Thus, even though one could attribute discrimination in Greek to the longer duration of its sentences and the higher syllable count compared to English, larger (and clearly perceptually relevant) differences in these two variables did not lead to discrimination in the Polish and Spanish experiments making it difficult to sustain the argument that it was these differences that caused discrimination (see Table 1 and Appendix III for details).
Overall then the results point to the fact that any differences in timing were probably local ones and insufficient on their own to consistently lead to discrimination, while their role was minimized when speaking rate and F 0 information was present. Like other results, this suggests that timing was not processed independently of the other prosodic features present in the experiments discussed here; if it were we would not see results being swayed by the presence of speaking rate or F 0 differences (see also Arvaniti, 2012b, for similar conclusions).
The above does not mean to preclude the possibility that all the variables discussed (speaking rate, F 0 , syllable count, stimulus duration, %V) played some part in one condition or another in some experiments, given the overall difficulty of the task. As noted, A' values were generally not particularly high (Figures 1 and 2 ), while conservative bias was strong (Table 2 and Figures 3 and 4), suggesting that participants could not reliably hear differences between languages.
Difficulty is also reflected in participant ratings in the exit questionnaires: on a difficulty scale from 1 to 7 the mode across experiments was 6. Similar results have been reported before; e.g. The difficulties that listeners encountered should not be overlooked when discrimination results are considered. First, the difficulty of the task makes it likely that participants utilize whatever information is available to them, however inadvertently, and that therefore the interpretation of results from discrimination experiments is far from easy to attribute exclusively and reliably to one variable. Second, the difficulties suggest that the task itself-seen by some as the foundation of language acquisition (e.g. )-is not as easy and natural as it has been suggested.
Additional repercussions relate to the use of sasasa, a transform that removes prosodic information, and the primacy of timing in perceiving rhythm class distinctions. First, given that speaking rate, F 0 and timing cannot be absent from real speech, the present results suggest that the sasasa transform is not ecologically valid since the information it preserves is typically influenced in perception by information it removes, such as discrimination results are likely due to differences in speaking rate that were inadvertently not controlled in previous experiments. Given the above, the linguistic view of speech rhythm as resting on timing relations and reflecting a typology of three timing-based classes seems hard to sustain. Since discrimination experiments have been used to bolster the rhythm class hypotheses, the present results which found no evidence that rhythm class was pivotal in discrimination cast further doubt on the idea of rhythm classes as a valid typological distinction.
Towards an alternative view of speech rhythm
If rhythm classes do not provide an adequate understanding of speech rhythm, it is worth briefly considering what could form an alternative basis for rhythm research. Arvaniti (2009: 57) suggested that a definition based on the psychological understanding of rhythm as "the perception of series of stimuli as series of groups of similar and repetitive pattern" be adopted in linguistic research (Woodrow 1951; Fraisse, 1963; 1982) . 
Conclusions
The present series of experiments show that it is not possible to attribute discrimination between languages to some general typological differences in rhythm class encoded as variation in durational intervals or timing. Further these experiments show that discrimination with impoverished stimuli is difficult and that listeners take advantage of any differences they can find that will help them in their task. Such differences relate primarily to speaking rate and F 0 but also to localized timing differences, such as final lengthening, when speaking rate and 
